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Introduction: The formation of aromatics and PAH’s is an important problem in combustion. 

These compounds are believed to contribute to the formation of soot whose emission from 

diesel engines is regulated widely throughout the industrial world. Additionally, the United 

States Environmental Protection Agency regulates the emission of many aromatics and PAH 

species from stationary industrial burners, under the 1990 Clean Air Act Amendments. The 

above emission regulations have created much interest in understanding how these species 

are formed in combustion systems. 

Much previous work has been done on aromatics and PAH’s. The work is too 

extensive to review here, but is reviewed in Reference 1. A few recent developments are 

highlighted here. McEnally, Pfefferle and coworkers have studied aromatic, PAH and soot 

formation in a variety of non-premixed flames with hydrocarbon additives [2-41. They found 

additives that contain a C5 ring increase the concentration of aromatics and soot [4]. 

Howard and coworkers have studied the formation of aromatic and PAH’s in low pressure, 

premixed, laminar hydrocarbon flames. They found the cyclopentadienyl radical to be a key 

species in naphthalene formation in a fuel-rich, benzene/Ar/02 flame [5]. 

Approach: The detailed reaction mechanism for aromatic and PAH formation was initially 

developed using the work of Miller and Melius, Tsang, Pitz and Westbrook, Emdee, Brezin- 

sky and Glassman, Marinov and Malte, and Wang and Frenklach [5-l 11. Experimental data 

[ 1,12- 151 from laminar premixed and diffusion flames were used to develop a detailed 

chemical kinetic model. Thermodynamic data was obtained from the literature and when not 

available, Benson group additivity methods and electronic structure calculations have been 

used to obtain thermodynamic parameters for stable and radical species. Electronic structure 

calculations have also been used to obtain the entropy and enthalpy of transition states. This 

information was used to estimate reaction rates using transition state theory for selected 

reactions. Reaction rate parameters were obtained from the literature and by analogy to 

similar reactions. Quantum Kassel and RRKM theory has been used to obtain the pressure 

and temperature dependence of selected reactions and their various product channels. 



Results: One of the main themes of this work is the role of resonantly-stabilized radicals in 

forming aromatics and PAH’s. Modeling results have identified two paths as being important 

in the formation of benzene in fuel-rich premixed flames and diffusion flames, both of which 

involve resonantly stabilized radicals. The paths are illustrated in Fig. 1. They involve the 

reaction of ally1 and propargyl radicals and the self-reaction of propargyl radicals. The self- 

reaction of propargyl radicals to form benzene has been investigated by Miller and Melius 

[6]. This reaction was found to play a major role in methane, ethane, ethene, propane and n- 

butane, fuel-rich, premixed flames and in a methane, opposed-flow diffusion flame [ 1,12-151. 

Propargyl is formed by the sequential dehydrogenation of ally1 radicals and of propyne. The 

second path found to form benzene is the reaction of propargyl radical with ally1 radicals. 

The mechanism of the reaction was investigated in Reference 13. In this reaction, the ally1 

and propargyl radicals combine to form an adduct. The key feature of this reaction is that the 

allene-like carbon on the propargyl moiety on the adduct adds to the terminal carbon on the 

ally1 moiety. This feature is repeated again in one of the primary reactions forming naphtha- 

lene discussed later. After the above addition step, a hydrogen atom shifts and eliminates to 

form fulvene. Fulvene isomerizes rapidly to benzene [ 161. The reaction of propargyl and 

ally1 radicals was found to be one of the most important paths forming benzene in a methane, 

opposed-flow diffusion flame and produced 20 to 30 percent of the benzene in propane and 

n-butane, rich, premixed flames [ 13- 151. 

The theme of the importance of the reaction of resonantly-stabilized radical continues with 

the formation of naphthalene. Modeling results indicate that the main paths to naphthalene 

involve resonantly stabilized radicals. The two main paths identified were the reaction of 

benzyl and propargyl radicals and the self-reaction of cyclopentadienyl radicals. The reac- 

tion of benzyl and propargyl radicals [ 151 (Fig. 2) follows a similar reaction mechanism as 

the ally1 + propargyl reaction. After ally1 and propargyl radicals combine to form an adduct, 

the allene-like carbon on the propargyl moiety adds to the benzene ring. Subsequently, the 

H-atom on the tertiary carbon is very weak (24 kcal/mole) and is eliminated (dashed line). 

With an H-atom elimination of a secondary H-atom, the fulvene moiety is formed. As seen 

in the analogous reaction forming benzene, the fulvene ring isomerizes rapidly to a benzene 

ring and naphthalene is formed. The benzyl + propargyl reaction was found to be the main 

reaction forming naphthalene in the methane, opposed-flow diffusion flame. The second 

path found to be important in forming naphthalene is the self-combination of cyclopentadi- 

enyl radicals. The mechanism of this path was first described by Melius et al. [16]. This 



path was found to be important in rich, premixed methane , ethane, propane, n-butane flames 

[ 1,13,14], but not a major contributor in a methane, opposed-flow diffusion flame [ 151. 

However, the earlier modeling studies of the premixed laminar flames did not include our 

current treatment of the competing reaction, benzyl + propargyl, to form naphthalene. For 

the hydrocarbon flames we studied, calculations indicated that hydrogen-abstraction, 

acetylene-addition paths did not play a major role in the formation of naphthalene [ 121. 

Comparison to Experimental Data: Experimental data was essential to the development of a 

detailed chemical kinetic model. Species profiles computed by detailed chemical kinetic 

model were compared to experimental results from methane, ethene, ethane, propane, n- 

butane, premixed, burner-stabilized flames, and a methane, opposed-flow diffusion flames 

[ 1,12- 151. The comparisons are too lengthy to show here. New reaction paths added and 

reaction rate constants were adjusted based on these comparisons. 

The detailed chemical kinetic model was used to simulate the formation of aromatics 

and PAH’s in an industrial burnerXZas part of a joint industrial, national laboratory and 

university project [ 171. A perfectly-stirred reactor (PSR) model was used as a representation 

of a highly-turbulent reaction zone of a typical industrial burner diffusion flame. The model 

was used to simulate the emission of aromatics and PAH’s as equivalence ratio is varied. The 

temperature in the PSR was assumed to be 1500 K which was a typical, average temperature 

found downstream of a full-scale industrial-type burner located at Sandia National 

Laboratories [ 171. The fuel composition was chosen to match the simulated refinery fuel gas 

used in the experiments: 16.0 percent hydrogen, 7.3 percent propane, 76.7 percent simulated 

natural gas. The residence time of 10 ms was taken to yield the approximate experimentally- 

observed benzene concentration in the exhaust gas. The results are shown in Fig. 3. One 

hundred percent theoretical air is defined as stoichiometric and values below 100 indicate 

fuel-rich mixtures. The model reproduces the qualitative behavior of the benzene and toluene 

on the fuel-rich stoichiometries. The model shows the ethyl benzene and xylene to be 

produced in much lower concentrations, consistent with the experiments. This comparison 

illustrates that detailed chemical kinetic models can be very useful in interpreting 

experimental data from practical combustion systems. 

Conclusion: The reaction of resonantly-stabilized radicals are found to play an important 

role in the formation of aromatics and PAH’s in laminar premixed and diffusion flames. 

Acknowledp;ements: The authors have benefited from discussions with C. F. Melius, J. A. 

Miller and W. Tsang. The work was supported by the U.S. Department of Energy, Office of 



Industrial Technology and Office of Basic Energy Sciences and performed under the auspices 

of the U.S. Department of Energy by Lawrence Livermore National Laboratory under 

contract No. W-7405-ENG-48. 

References: 

1. Marinov, N.M., Pitz, W.J., Westbrook, C.K., Castaldi M.J., and Senkan, S.M. Cornbust. 
Sci. and Tech. ,116-l 17:21 l-287 (1996). 
2. McEnally, C.S., and Pfefferle, L.D., Comb. Sci. and Tech., 128:257-278 (1997). 
3. McEnally, C.S., and Pfefferle, L.D., Combust. Flame, 115:81-92 (1998). 
4. McEnally, C.S., and Pfefferle, L.D., Comb. Sci. and Tech., 131:323-344 (1998). 
5. Richter, H., Grieco, W. J., and Howard, J. B. Combust. Flame, in press (1999). 
6. Miller, J. A., and Melius, C. F. Comb. Flame, 9 1:21 (1992). 
7. Tsang, W., J. Phys. Chem. Ref: Data, 17:887 (1988), 20:221(1991). 
8. Pitz, W. J., Westbrook, C. K., and Leppard, W. K., Society of Automotive Engineers 

Transactions, SAE paper No. 9 123 15, 199 1. 
9. Emdee, J., Brezinsky, K. and Glassman, I., J. Phys. Chem., 96:215 1 (1992). 
10. Marinov, N. M. and Malte, P. C. Int. J. Chem. Kinet., 27:957 (1995). 
11. Wang, H. and Frenklach, M. J. Phys. Chem., 2: 11465 (1994). 
12. Castaldi, M. J., Marinov, N. M., Melius, C.F., Huang, J., Senkan, S. M., Pitz, W. J., and 
Westbrook, C. K., The 26th Symposium (International) on Combustion, The Combustion 
Institute, Pittsburgh, 1996, pp 693-702. 
13. Marinov, N. M., Castaldi, M. J., Melius, C. F., and Tsang, W. Combust. Sci. and Tech., 
128:295-342 (1997). 
14. Marinov, N. M., Pitz, W. J., Westbrook, C. K., Vincitore, A. M., Castaldi, M. J., Senkan, 
S. M. and Melius, C. F. Combust. Flame, 114:192-213 (1998). 
15. Marinov, N. M., Pitz, W. J., Westbrook, C.K., Lutz, A.E., Vincitore, A.M. and Senkan, 
S.M., The 27th Symposium (Int.) on Combustion, The Combustion Inst., Pittsburgh, 1999. 
16. Melius, C. F. Colvin, M.E., Marinov, N.M., Pitz, W.J., and Senkan, S.M., The 26th 
Symposium (Int.) on Combustion, The Combust. Instit., Pittsburgh, 1996, pp. 685-692. 
17. “The Origin and Fate of Toxic Combustion By-Products in Refinery Heaters: Research to 
Enable Efficient Compliance with the Clean Air Act”, Final Report, Petro. Environ. Research 
Forum Proj. No. 92-19, August 5, 1997, http://www.epa.gov/ ttn/iccr/dirss/ perfrept.pdf. 
18. Edwards, C. F. and Goix, P. J. Combust. Sci. Tech. 116-117:375 (1996). 

x2 aC3H5 -XC,, 

pC3H4 d--b aC3H4 

-“zk +“A2 Fulvene 

H2CCCH 

THoJ 
Benzene 

Fig. 1. Reaction paths leading to benzene in a methane, opposed-flow diffusion flame. 
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Fig. 2. Reaction coordinate diagram of the reaction of benzyl and propargyl radicals leading 

to naphthalene. 
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Fig. 3. Comparison between detailed chemical kinetic modeling results from a perfectly 

stirred reactor (PSR) and full-scale [ 171 and laboratory-scale emissions [ 181 from a 

industrial-type burner. (PSR conditions: 1500K, 10 ms residence time). 


